The serotonin transporter (SERT) is the principal mechanism for terminating serotonin (5-HT) signals in the nervous system and is a site of action for a variety of psychoactive drugs including antidepressants, amphetamines, and cocaine. Here we show that human SERTs (hSERTs) and rat SERTs are capable of robust dopamine (DA) uptake through a process that differs mechanistically from 5-HT transport in several unanticipated ways. DA transport by hSERT has a higher maximum velocity than 5-HT transport, requires significantly higher Na ϩ and Cl Ϫ concentrations to sustain transport, is inhibited noncompetitively by 5-HT, and is more sensitive to SERT inhibitors, including selective serotonin reuptake inhibitors. We use a thiol-reactive methane thiosulfonate (MTS) reagent to modify a conformationally sensitive cysteine residue to demonstrate that hSERT spends more time in an outward facing conformation when transporting DA than when transporting 5-HT. Cotransfection of an inactive or an MTS-sensitive SERT with wild-type SERT subunits reveals an absence of cooperative interactions between subunits during DA but not 5-HT transport. To establish the physiological relevance of this mechanism for DA clearance, we show using in vivo high-speed chronoamperometry that SERT has the capacity to clear extracellularly applied DA in the hippocampal CA3 region of anesthetized rats. Together, these observations suggest the possibility that SERT serves as a DA transporter in vivo and highlight the idea that there can be distinct modes of transport of alternative physiological substrates by SERT.
Introduction
Neurotransmitter transporters terminate the actions of the biogenic amines serotonin (5-HT), dopamine (DA), and norepinephrine by clearing them from the extracellular space and are the primary sites of action for many psychostimulant and antidepressant drugs. Within the CNS, biogenic amine transporters are generally expressed in the cells that synthesize their cognate neurotransmitters (Hoffman et al., 1998) . Although this correlation fits with the idea that transporters function to terminate signaling and to facilitate recycling of neurotransmitter molecules, transporters are not only found on nerve terminals near sites of vesicle release but also are located throughout the somatodendritic and axonal membranes (Hoffman et al., 1998; Tao-Cheng and Zhou, 1999; Schroeter et al., 2000) . This distribution of carriers in regions outside the nerve terminal is relevant to "volume transmission," a process in which biogenic amine neurotransmitters diffuse for micrometer distances before acting on receptors (Daws, 2009) . This process, which occurs on a slower time scale and outside of conventional synapses, raises the possibility that neurotransmitters can be transported into other cell types by heterologous carriers (Bunin and Wightman, 1999; Zoli et al., 1999; Jansson et al., 2000; Mengual and Pickel, 2002) . Thus, the question of how well transporters recognize alternative substrates has significance not only in drug action and pathological processes but also in the physiological context of volume transmission.
It is well established that both the norepinephrine transporter (NET) and the dopamine transporter (DAT) transport DA (Carboni and Silvagni, 2004) . It was demonstrated that DAT could potentially transport 5-HT and that it could be coreleased with DA from striatal dopaminergic terminals (Stamford et al., 1990; Jackson and Wightman, 1995) . It has also been established in striatal slice (Zhou et al., 2002; Mossner et al., 2006) , synaptosomal (Norrholm et al., 2007) preparations, and in vivo (Callaghan et al., 2005; Zhou et al., 2005) that 5-HT can be accumulated in dopaminergic neurons through the DAT. This potential for cross talk between transporter substrates also exists for the serotonin transporter (SERT), which is expressed in sev-eral brain regions receiving dopaminergic input. Data from microdialysis studies in rats after extensive 6-hydroxydopamine denervation of striatal DA neurons suggest that 5-HT-producing neurons can take up DA by SERT (Kannari et al., 2006) . Current models for transport by SERT and other family members center on an alternating access model. The molecular details for the transport mechanism are not well understood, and whether SERT accumulates alternative substrates by a mechanism identical to 5-HT transport has not been examined. Here we show, using high-speed chronoamperometry, that SERT can clear DA when it is applied locally to the hippocampus in anesthetized rats. A more detailed investigation of DA transport by human SERT (hSERT) reveals that DA transport occurs through a process remarkably different from 5-HT uptake. DA transport by SERT is inhibited noncompetitively by 5-HT, has a different ionic dependence, and is more sensitive to SERT inhibitors. We also show that a DA-transporting hSERT spends less time in an inward facing conformation than a 5-HT-transporting hSERT and lacks the subunit cooperativity characteristic of 5-HT transport.
Materials and Methods
Animals. Male Sprague Dawley rats Sasco) were maintained on a 12 h light/dark cycle (6:00 A.M. to 6:00 P.M.) and housed four rats per cage with ad libitum water and rat chow. The vivarium and this research program operate in accordance with the United States Public Health Service Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication 85-23, revised 1985) , the Animal Welfare Act, and other applicable federal, state, and local laws.
In vivo electrochemical measurement of 5-HT and DA clearance. Oxidation currents from exogenously applied 5-HT and DA were recorded in brain regions of urethane-anesthetized rats using high-speed chronoamperometric methodology, as described previously (Cass et al., 1993; Cass and Gerhardt, 1995; Zahniser et al., 1999; Gulley et al., 2006) . The stereotaxic coordinates used for placement of the Nafion-coated carbon fiber electrode-micropipette assemblies (calculated from bregma) were Ϫ4.1 mm (anteroposterior), Ϯ3.3 mm (lateromedial), and Ϫ3.6 to Ϫ3.8 mm (dorsoventral) for the CA3 hippocampal region and ϩ1.5, Ϯ2.2, and Ϫ4.0 to Ϫ4.3 mm for the dorsal striatum (Paxinos and Watson, 2007) . Solutions containing either 100 M 5-HT or 200 M DA and 154 mM NaCl/100 M ascorbic acid, pH 7.4, were pressure ejected once every 5 min. Two recording modes were used: for 5-HT, the "delayed pulse" mode was used to retain electrode sensitivity, whereas for DA, the "fast-slow" mode was used (Luthman et al., 1997) . After two reproducible baseline signals were obtained (Ͻ10% variation in maximal signal amplitude), either saline (1 ml/kg, i.p.) or citalopram (10 mg/kg, i.p.) was injected and oxidation currents were recorded at 5 min intervals for 1 h after injection. Clearance time was calculated from these currents as the time for the signal to increase to its maximal value and to decrease by 80% (T 80 ).
Site-directed mutagenesis. cDNA encoding hSERT was reverse transcribed and amplified using RNA extracted from human placenta and inserted into the mammalian expression vector pcDNA3.1 (ϩ) (Invitrogen). The predicted amino acid sequence of the hSERT clone was identical to that reported previously (Entrez Protein Database accession number NP_001036). hSERT Y95F, C109A, Y95F/D98G, Y95F/C109A, Y95F/C109A/I172C, Y95F/C109A/I179C, and Y95F/C109A/Q332C were created using the Quickchange Mutagenesis kit (Stratagene) according to the manufacturer's recommendations. The entire coding regions of mutated constructs were sequenced using an ABI PRISM 310 genetic analyzer (Applied Biosystems).
Cell culture and transfections. COS-7 cells were maintained in DMEM supplemented with 10% fetal calf serum, 100 g/ml streptomycin, and 100 U/ml penicillin at 37°C and 5% CO 2 in a humidified atmosphere. For transfections, 0.3 g of plasmid and 0.9 l of Fugene6 (Roche Molecular Biochemicals) were used per square centimeter of plating area.
Appropriate amounts of plasmid and Fugene6 were mixed with DMEM according to the manufacturer's recommendations. COS-7 cells were trypsinized, suspended in growth media, combined with the plasmid/ Fugene6 mixture, and transferred into growth plates to give an initial cell confluence of 70 -80% after cell adhesion. White clear-bottomed 96-well plates (Corning) were used for uptake experiments.
Serotonin and DA uptake assays in COS-7 cells. All uptake assays comparing 5-HT and DA uptake and the response to different treatments were performed in parallel on the same batch of transfected cells. Uptake assays were performed 40 -64 h after transfection. The media were removed, and the cells were washed with PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 , pH 7.4) containing 0.1 mM CaCl 2 and 1 mM MgCl 2 (PBSCM). After washing, cells were incubated at room temperature for 10 min in PBSCM, including 50 M ascorbic acid, 10 mM D-glucose, and ]DA and increasing concentrations of unlabeled 5-HT (0.7-1000 M 5-HT) or DA (8 -1000 M DA) for 10 min at 37°C. Incubations were terminated with three washes, and the plates were prepared for scintillation counting. Specific uptake was determined as the difference in radioactivity between cells transfected with SERT-containing constructs and mock-transfected cells. Counts from inhibition of a fixed radiolabeled substrate concentration were converted to total moles transported by multiplying the number of counts by the ratio of ([radiolabeled substrate] ϩ [unlabeled substrate])/[radiolabeled substrate] and by dividing this product by the product of the tracer's specific activity and the efficiency of the scintillation counter.
For IC 50 determinations, following the initial washing step, cells were incubated for 10 min with 12 increasing concentrations of drug (in duplicate) to reach equilibrium. Uptake was then initiated by the addition of a solution of The uptake was allowed to continue for 10 min at room temperature and was terminated by two washes with PBSCM. All washing steps were performed using an automated plate washer. In ion substitution experiments, Na ϩ or Cl Ϫ ions was substituted in a HEPES-buffered saline solution with N-methyl-D-glucamine-Cl or gluconate salts, respectively. In chloride substitution experiments, gluconate salts were also used for magnesium, potassium, and calcium. In several instances, we took advantage of the high DA affinity of the Y95F mutant, which we showed to be otherwise identical to hSERT WT in all other measured features, except apparent DA transport affinity and inhibitor affinity, and used it in constructs with other mutations to elevate DA uptake activities at low DA concentrations.
For uptake experiments with [2-(trimethylammonium)ethyl] methanethiosulfonate (MTSET)-sensitive Y95F/C109A/I179C, COS-7 cells were transfected as described above, and 40 -64 h after transfection, the cells were washed in PBSCM and incubated for 10 min at room temperature with either PBSCM-AGR alone or PBSCM-AGR containing 10 mM MT-SET. Cells were then washed with PBSCM and assayed for uptake with either 150 nM [ 3 H]5-HT or 300 nM [ 3 H]DA for 10 min at room temperature as described above, and uptake was terminated by washing twice with PBSCM.
To study the effect of substrates and ligands on reactivity of hSERT Y95F/C109A/Q332C mutant with MTSET, COS-7 cells were transfected as described. Forty to sixty-four hours later, cells were washed with PBSCM and incubated with substrate or ligand in PBSCM-AGR for 10 min at room temperature. Varying concentrations of MTSET were then added from a stock solution prepared in DMSO. After a 10 min incubation, the cells were washed five times in PBSCM-AGR and assayed for uptake with 250 nM [ 3 H]5-HT for 10 min at room temperature as described above, and uptake was terminated by washing twice with PBSCM. The rate of reactivity was calculated after determining the concentration of MTSET that results in 50% of maximal inactivation (Rudnick, 2003) .
For uptake experiments with (2-aminoethyl)methanethiosulfonate (MTSEA)-sensitive hSERT Y95F/C109A/I172C and MTSEA-insensitive hSERT Y95F/C109A, plasmids containing each construct were mixed at various ratios, while keeping a constant total DNA amount, and transfected into COS-7 cells as described above. Forty to sixty-four hours after transfection, cells were washed in PBSCM and incubated for 10 min with either PBSCM-AGR alone or PBSCM-AGR containing 0.25 mM MTSEA. For all experiments with transiently transfected COS-7 cells, the cells were solubilized in scintillant after the uptake assay (30% Scintisafe; Thermo Fisher Scientific) and plates were counted in a PerkinElmer 1450 MicroBeta Jet plate counter. Specific uptake was determined as the difference between uptake counts from cells transfected with SERT-containing constructs and mock-transfected cells. Assuming Michaelis-Menten kinetics, the data were plotted and analyzed by the single-site nonlinear least-squares curve fit (GraphPad Prism). 125 I]RTI-55 with either a mixture of a fixed concentration of 5-HT plus a series of DA concentrations or a mixture of a fixed DA concentration plus a series of 5-HT concentrations, in PBSCM-AGR. Binding was allowed to proceed for 1 h on ice, terminated by six washes with ice-cold PBSCM, and prepared for scintillation counting as described above.
Statistical analysis. Chronoamperometric data were analyzed statistically with two-factor (treatment, time), repeated-measure ANOVA with time as the repeated measure. For cell-based assays, the two-tailed paired or unpaired Student's t test was used for determining statistical significance.
Results
In vivo clearance of 5-HT and DA by SERT in rat hippocampal CA3 region To assess whether SERTs expressed by intact brain serotonergic neurons are capable of transporting DA, we compared the in vivo clearance times of exogenously applied substrates in the CA3 region of the rat hippocampus and in the rat dorsal striatum (Fig.  1) . The CA3 region has abundant 5-HT projections and SERT activity but negligible NET activity (Daws et al., 1998 ) and little DA innervation or DAT expression (Verney et al., 1985) , whereas the opposite is true for the dorsal striatum. We used high-speed chronoamperometry to monitor clearance of 5-HT and DA after pressure ejection of a constant volume of neurotransmitter repeated at 5 min intervals from a micropipette positioned ϳ300 m from the carbon fiber microelectrode. This resulted in maximal signal amplitudes equivalent to ϳ1 M concentrations at the electrode. We compared 5-HT/DA clearance times (T 80 values; see Materials and Methods) because we have found them to be the most sensitive and stable parameter reflecting neurotransmitter clearance. Baseline clearance times of both transmitters in CA3 were comparable (5-HT, 73.4 Ϯ 8.3 s; DA, 79.5 Ϯ 4.1 s; mean Ϯ SEM; both n ϭ 10), suggesting similar rates of clearance. To verify that SERT was responsible for clearance of both 5-HT and DA, we examined the effect of citalopram, a potent and highly SERT-selective blocker (Owens et al., 1997; Tatsumi et al., 1997) . Peripheral injection of 10 mg/kg citalopram (intraperitoneally) caused a rapid and significant prolongation in clearance times for both 5-HT and DA, relative to controls ( Fig. 1 A, B) (5-HT, F (1,8) ϭ 8.79, p ϭ 0.018; DA, F (1,8) ϭ 10.45; p ϭ 0.012). In contrast, the DA clearance time in the DAT-rich dorsal striatum was unaffected by citalopram ( Fig. 1C ) (F (1,4) ϭ 2.63, p ϭ 0.18), underscoring the idea that DA clearance from the CA3 region is mediated by SERT, rather than by uptake by a catecholamine transporter or by degradation.
Uptake of DA by cloned hSERT
Because DA is a relatively weak inhibitor of 5-HT transport, most studies have overlooked the possibility that DA might serve as a substrate for SERT. Instead of looking at inhibition of 5-HT uptake, we decided to confirm that DA could be transported by hSERT and to characterize the properties of hSERT-mediated DA uptake. We used transiently transfected COS-7 cells as a model system to facilitate high expression of hSERT. In COS-7 cells, we observed that hSERT transports DA with an apparent affinity (K m ) of 78 M compared with 0.76 M (Table 1) (t (14) ϭ 10.79, p Ͻ 0.0001) for 5-HT transport. The K m for DA was approximately fourfold higher than its potency to inhibit 5-HT transport (360 M for inhibition of 5-HT transport versus 84 M for transport of DA) (Table 2) (t (10) ϭ 16.45, p Ͻ 0.0001). In contrast, 5-HT showed a K m for transport similar to its IC 50 for inhibition of DA transport (t (10) ϭ 0.3089, p ϭ 0.76). Although the K m for DA transport by hSERT was substantially higher than that for 5-HT transport, we noted that hSERT has a V max for DA transport that is four to five times higher than that for 5-HT transport (Fig. 2, Table 1 ) (t (7) ϭ 4.058, p Ͻ 0.01). Consequently, hSERT transports DA faster than 5-HT at extracellular substrate concentrations above 25 M. These results confirm that the cloned hSERT readily transports DA in COS-7 cells, a property we also observed using the Xenopus oocyte expression system (M. Sonders, unpublished observations).
hSERT Y95F mutation has enhanced transport affinity for DA In the course of characterizing a number of hSERT mutations near the putative substrate and sodium binding site, we observed that one mutant, Y95F, exhibited transport kinetics for 5-HT very similar to wild type but much more robust DA uptake activity. We decided to explore whether this mutant might have properties in common with the DA-transporting conformation of hSERT WT. As shown previously by others (Barker et al., 1998) , hSERT Y95F displayed kinetics of uptake for 5-HT similar to hSERT WT (Table 1) . However, a comparison of the kinetic parameters of DA uptake by hSERT WT with those of Y95F showed a clear difference in apparent substrate K m values: hSERT Y95F had a K m value of 12 M for DA uptake, compared with 78 M for DA uptake by hSERT WT (Table 1 ) (t (14) ϭ 11.28, p Ͻ 0.0001). Nonetheless, like the hSERT WT, the K m for transporting DA for the Y95F mutant was significantly lower than its IC 50 for DA inhibition of 5-HT uptake (11 M vs 59 M) (Table 2) (t (10) ϭ 16.76, p Ͻ 0.0001). The apparent transport affinity of 5-HT was similar to the potency of 5-HT for inhibition of DA transport, as was the case for hSERT WT (t (10) ϭ 0.8887, p ϭ 0.40). The V max for DA transport in the hSERT Y95F mutant was similar to the WT and approximately four to five times higher than its V max for 5-HT transport (Table 1) (t (14) ϭ 3.332, p Ͻ 0.01). Thus, at substrate concentrations above 3 M, hSERT Y95F transports DA at a higher rate than 5-HT. Together, these data suggest that the Y95F mutant retains normal 5-HT uptake kinetics but displays a selective enhancement in its affinity for DA transport.
DA transport by hSERT WT and Y95F requires high Na ؉ and Cl ؊ hSERT belongs to the neurotransmitter sodium symporter (NSS) family, the members of which use the Na ϩ gradient across the cell membrane to drive substrate transport. Preliminary experiments indicated that DA transport by hSERT required higher Na ϩ concentrations for maximal activity than 5-HT transport. To examine the difference in cation dependency between 5-HT and DA transport in greater detail, we compared DA and 5-HT transport by hSERT under conditions in which Na ϩ concentrations were reduced in the uptake buffer and when Na ϩ was completely substituted by Li ϩ . When Na ϩ was eliminated in the uptake buffer 
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Uptake was performed in transiently transfected COS-7 cells plated in 96-well plates and allowed to proceed for 10 min at room temperature. Values are expressed as mean Ϯ SEM; n ϭ 8. Significance levels are indicated for hSERT WT versus hSERT Y95F by the two-tailed t test (***p Ͻ 0.001). All values are given as nM and represent mean value Ϯ SEM; n ϭ 3-9. Significance levels are indicated for ͓ by substitution with 140 mM Li ϩ , hSERT was still able to catalyze 20% of 5-HT uptake observed in the presence of Na ϩ , whereas no DA transport was detected under these conditions (data not shown). Because it became evident that choline displayed a direct inhibitory action on DA uptake, we used N-methyl-D-glucamine (NMDG) as a monovalent cation substitute for Na ϩ . In solutions using NMDG to substitute for varying concentrations of Na ϩ , DA transport requires significantly higher Na ϩ concentrations to achieve a maximum velocity (EC 50 ϳ 80 -100 mM) than does 5-HT transport (EC 50 ϳ 10 -15 mM) (Fig. 3 A, C) (t (12) ϭ 3.638, p Ͻ 0.01). These results indicate that the DA transport process displays an ϳ10-fold lower Na ϩ affinity when compared with 5-HT transport.
Although Y95 resides in close spatial proximity to the putative Na ϩ binding site in the hSERT (Forrest et al., 2007) , we observed only modest differences between hSERT WT and Y95F in the Na ϩ dependence of 5-HT uptake (Fig. 3A) . Both transporters displayed apparent Na ϩ affinities in the 10 -15 mM range, with hSERT Y95F consistently giving slightly higher values than WT. Y95F also displays a slightly higher EC 50 for the Na ϩ dependence of DA transport than hSERT WT.
Like several of the other NSS family members, substrate transport by hSERT is chloride dependent, and thus we next examined the Cl Ϫ dependence of 5-HT and DA transport to determine whether the requirement for chloride differs between the two substrates. The apparent affinity for Cl Ϫ in 5-HT transport was 0.5-1 mM for both hSERT WT and Y95F (Fig. 3B) , demonstrating that only a low concentration of Cl Ϫ is needed for 5-HT transport to proceed. When we performed the same assay for DA uptake, we saw a dramatic difference in Cl Ϫ affinity (Fig. 3D) . The apparent affinities for Cl Ϫ measured for DA uptake were ϳ100 mM, indicating an ϳ100-fold lower apparent affinity for Cl Ϫ during DA transport, when compared with 5-HT transport (t (5) ϭ 22.99, p Ͻ 0.0001). DA transport by the Y95F mutant displayed a similar 100-fold lower apparent affinity for Cl Ϫ (t (4) ϭ 13.82, p Ͻ 0.001). Thus, DA transport requires significantly higher Na ϩ and Cl Ϫ concentrations to support transport than does 5-HT transport by hSERT. These results suggest that the ion binding sites in the DA-transporting hSERT conformation may have an altered geometry or accessibility when compared with 5-HT-transporting hSERT conformation. Two papers describing the Cl Ϫ binding site (Forrest et al., 2007; Zomot et al., 2007) placed the putative binding site in close spatial proximity to Y95. However, because both hSERT WT and Y95F have similar chloride dependence, these results indicate that an altered Cl Ϫ affinity does not explain the increase in apparent DA affinity in the hSERT Y95F mutant.
DA uptake by hSERT is more sensitive to inhibitors than 5-HT uptake by hSERT An initial survey of SERT inhibitors indicated that they displayed differential potencies when tested against 5-HT versus DA uptake by hSERT. We decided to study this phenomenon more thoroughly by testing several drugs for their potency to inhibit 5-HT and DA uptake in parallel. The drugs we chose to test were the nonselective biogenic amine transporter inhibitor cocaine; the SSRIs paroxetine, fluoxetine, and citalopram; the DAT inhibitor GBR 12935; and the biogenic amine transporter substrate 3,4-methylenedioxymethamphetamine (MDMA). GBR 12935 was unique among the tested inhibitors in that this weak inhibitor showed no difference in potency between 5-HT and DA uptake by either hSERT WT (t (6) ϭ 0.1769, p ϭ 0.87) or Y95F (t (6) ϭ 1.460, p ϭ 0.19). The remaining inhibitors all displayed a significantly higher potency for inhibiting DA versus 5-HT uptake activity of hSERT. Cocaine, in particular, displayed much higher potency for inhibiting hSERT-mediated DA uptake than 5-HT uptake and was 20-to 30-fold more potent at inhibiting DA uptake (Fig. 4, Table 2 ) (WT: t (4) ϭ 3.849, p Ͻ 0.05; Y95F: t (4) ϭ 5.310, p Ͻ 0.01). The SSRIs showed a 3-to 13-fold higher potency for inhibiting DA uptake by hSERT, with citalopram showing the greatest and paroxetine showing the least difference in potencies. The substrate MDMA showed a twofold to threefold lower IC 50 for inhibiting DA over 5-HT uptake (WT: t (10) ϭ 1.840, p Ͻ 0.05; Y95F: t (10) ϭ 4.901, p Ͻ 0.001). As demonstrated previously (Barker et al., 1998) , hSERT Y95F displayed higher affinity than WT for cocaine and lower affinity than WT for citalopram. It is noteworthy that although hSERT WT and Y95F showed differences in affinities for these compounds, all compounds were still more potent at inhibiting DA transport when compared with 5-HT transport in the Y95F mutant. ]DA for 10 min at room temperature. NMDG chloride was substituted for NaCl in A and C to maintain the chloride concentration at 140 mM, and sodium gluconate was substituted for NaCl in B and D to maintain the sodium concentration at 140 mM and to keep overall osmolarity constant. Nonspecific uptake was determined by parallel uptake in mock-transfected cells and subtracted. Mean and SEM from representative experiments run in duplicate are shown.
5-HT inhibits DA uptake noncompetitively, but the two substrates display mutually exclusive binding at an external site As shown in Table 2 , DA is an efficient substrate but a poor inhibitor of 5-HT transport at hSERT (the DA IC 50 was fivefold lower for blocking DA transport than for blocking 5-HT uptake), whereas the 5-HT IC 50 values for inhibition of DA and 5-HT transport are not significantly different. This unexpected observation led us to investigate whether 5-HT and DA act competitively or noncompetitively to inhibit transport of the other substrate. In kinetic analysis of transport inhibition (Fig. 5A) , 5-HT inhibited DA uptake by hSERT WT in a noncompetitive fashion. This was manifested in the observation that increasing concentrations of unlabeled 5-HT depressed the V max of DA uptake without affecting the K m value of DA. Conversely, we found that DA is a competitive inhibitor of 5-HT uptake by hSERT WT (Fig. 5B) , an observation confirmed by Schild analyses (data not shown). These results contradict a simple transport model with a single substrate site where each substrate would compete for the same binding site. In such a model, one would expect to see competitive inhibition for all substrates and curves with no change in V max but changes in K m value after addition of increasing amounts of unlabeled heterologous substrate. One possible explanation for these results is that 5-HT interacts with a site in the hSERT that cannot be accessed by DA.
To further explore the relationship between the binding sites for the two substrates, we tested whether 5-HT and DA share a common binding site in the hSERT. To do this, we used HEK-293 cells stably expressing hSERT WT and performed a whole-cell binding assay on ice with the high-affinity cocaine analog [ 125 I]RTI-55 in the presence of a fixed concentration of 5-HT and increasing concentrations of DA or a fixed concentration of DA and increasing concentrations of 5-HT, respectively. We plotted the data in the form of Dixon plots (Fig. 5C,D) . As evident from the plots, the lines are parallel indicating that the binding sites for 5-HT and DA are mutually exclusive and thus most likely share at least one common externally accessible binding site overlapping the RTI-55 binding site in the outward-facing hSERT (Segel, 1975) .
Secondary site involvement in 5-HT and DA transport
The crystal structure of the bacterial leucine transporter LeuT Aa , (Yamashita et al., 2005) , which is an ortholog of the biogenic amine transporters, has provided a structural framework in which to consider the mechanism of substrate transport by SERT. Shi et al. (2008) recently proposed that LeuT Aa catalyzes leucinesodium symport by a mechanism in which substrate binding to a secondary site on the same protomer triggers intracellular release of sodium ions and substrate from a primary binding site further down the pathway. One residue in LeuT Aa , I111, forms part of the extracellular secondary leucine binding site in LeuT Aa , and mutation of I111 to cysteine renders the carrier incapable of binding substrate at the secondary site. When I179, the corresponding residue in hSERT, is mutated to cysteine within a parent construct devoid of reactive cysteines (C109A), 5-HT transport activity is reduced 30 -50% and can be completely inactivated by the sulfhydryl-modifying reagent MTSET (Chen et al., 1997) . To explore whether this putative second substrate binding site might differentiate between 5-HT and DA, we next examined whether the putative secondary site might be a site accessible only to 5-HT and not to DA. In this case, MTS modification of I179C should eliminate 5-HT transport, as shown previously, but retain DA transport. Because we found hSERT Y95F to be virtually identical to hSERT WT in all measured features except apparent DA transport affinity and inhibitor affinity, we subsequently took advantage of Y95F and used it in concert with other hSERT mutants to elevate DA uptake activity at low DA concentrations.
Introducing the I179C mutation into a Y95F/C109A background resulted in a decrease in 5-HT uptake (ϳ50%). Treatment of the Y95F/C109A mutant with 10 mM MTSET decreased 5-HT uptake activity (Ͼ90%) after 10 min. Although DA was still able to inhibit 5-HT uptake in inhibition assays (IC 50 twofold to threefold higher than Y95F/C109A), the Y95F/C109A/I179C mutant displayed almost nondetectable transport of DA (Ͻ2%) before or after MTSET treatment. These results suggest that in the I179C mutant, DA still binds and inhibits substrate translocation at the primary binding site and that the putative secondary site plays a significant role in DA translocation. (Fig. 6) . We found that for cells preloaded with [
5-HT and
3 H]5-HT, there was substantial and comparable efflux using either 5-HT or DA as the substrate to initiate efflux (Fig. 6 A) . However, when cells were preloaded with [
3 H]DA, we observed no significant efflux of [ 3 H]DA in the presence of 5-HT or DA (Fig. 6 B) . Experiments with hSERT Y95F gave results similar to the ones described for hSERT WT (data not shown). The hSERT substrate transport cycle is thought to be composed of multiple steps with binding and unbinding of ions and substrate as well as larger conformational changes of the hSERT protein to open and close "gates" (Rudnick, 2006) . That [ 3 H]DA is effluxed to a much lower degree with either 5-HT or DA added extracellularly suggests that either hSERT has a very low capacity to efflux DA or that the affinity for DA at the internal binding site is much lower than for 5-HT.
hSERT spends more time in an outward-facing conformation when transporting DA than when transporting 5-HT If hSERT has a lower internal affinity for DA than for 5-HT and this difference significantly impacts the reversal rate of the transporter, it would imply that hSERT engaged in DA transport would spend more time in an outward-facing conformation compared with a transporter engaged in 5-HT transport. We next sought to measure whether this is indeed the case. In studies using SERT cysteine mutants and membrane binding assays, 5-HT and cocaine have previously been shown to shift the equilibrium of SERT to inward-or outward-facing conformations, respectively (Zhang and Rudnick, 2006) . Recently, Torres-Altoro et al. (2010) described an hSERT mutant, Q332C, the transport activity of which was susceptible to MTS reagents. Moreover, coincubation with 5-HT hindered MTS inactivation of transport by Q332C whereas cocaine coincubation facilitated it, suggesting that these ligands differentially alter the MTS accessibility of the residue and conformation of the protein (Torres-Altoro et al., 2010). Thus, we were interested to test whether DA changes SERT conformation in a manner different from 5-HT. To this end, we constructed the Y95F/C109A/Q332C mutant and assayed for MTSET inactivation of hSERT in the absence of any ligand or in the presence of 40 M 5-HT, 4 mM DA, 40 M cocaine, or 160 M ibogaine. Ibogaine was included because it has previously been demonstrated to shift the equilibrium of SERT toward an inward-facing conformation (Jacobs et al., 2007) . When expressed in cells, the C109A mutant is not inactivated by MTSET in buffer alone or with any ligand (data not shown). As shown in Figure 7 , we confirm the previous observation that MTSET inactivation of hSERT Q332C is protected by 5-HT (t (12) ϭ 6.247, p Ͻ 0.0001) and potentiated by cocaine (t (8) ϭ 5.652, p Ͻ 0.001). We also observed protection from MTSET inactivation by ibogaine (t (8) ϭ 5.652, p Ͻ 0.001), corroborating the idea that protection or potentiation of Q332C modification by MTSET reflects a shift in the conformational equilibrium of hSERT to more inwardfacing or outward-facing conformations, respectively. DA, on the other hand, gives only a very small protection to MTSET inactivation compared with PBS (t (12) ϭ 2.404, p Ͻ 0.05) and offers significantly less protection than 5-HT (t (12) ϭ 5.146, p Ͻ 0.001), indicating that hSERT indeed spends less time in an inwardfacing conformation when transporting DA than during 5-HT transport.
Subunit interactions differ between 5-HT and DA uptake
Although some of the differences (increased V max , different inhibitor sensitivity, mutually exclusive binding, capacity for efflux) between DA and 5-HT transport by hSERT can be explained by differences in the dynamic equilibrium conformations of the carrier in the presence of each substrate, it remains difficult to reconcile the noncompetitive interactions between substrates during transport without postulating different binding sites within a protomer. One possibility is that the noncompetitive for 45 min at room temperature followed by washes every 5 min for 45 min to give similar concentration of intracellular substrate. Cells were then incubated with PBS alone or with PBS containing 20 M 5-HT or 2 mM DA. At specified time points, half of the supernatant was collected and prepared for scintillation counting. Released substrate is expressed as the radioactivity in the complete supernatant fraction as a percentage of the radioactivity present in the cells before efflux was initiated. The mean and SEM of six wells are plotted for efflux. Significance levels are indicated for control versus 5-HT or DA by the two-tailed t test (***p Ͻ 0.001).
relationship could be related to differences in the cooperative interactions between subunits during DA and 5-HT transport processes, and thus we next tried to address this question. By cotransfecting different ratios of MTS-sensitive and MTSinsensitive SERT constructs in cells and assaying for MTSinsensitive uptake, Kilic and Rudnick (2000) demonstrated that transport activity did not decline linearly as the concentration of MTS-sensitive SERT increased but instead appeared less sensitive to inactivation than predicted if the two protomer forms function independently. This observation implies that inactivation of one subunit within an hSERT multimer may facilitate function of a remaining subunit and that subunit interactions have a significant impact on 5-HT transport. To examine whether the transport of DA is similarly influenced by cooperative effects between subunits, we examined the effects of cotransfection of different ratios of hSERT and either an MTS-sensitive (Fig. 8 A, B) or a nonfunctional hSERT mutant (Fig. 8C,D) on DA transport. As shown previously, substitution of a cysteine residue for I172 in TM3 in a C109A hSERT MTS-insensitive background generates a transporter that shows no 5-HT transport activity after modification with MTSEA (Chen et al., 1997) . We cotransfected the Y95F/C109A/I172C mutant and MTS-insensitive Y95F/C109A hSERT mutant constructs in different ratios in COS-7 cells and assayed for MTSEA-insensitive 5-HT and DA uptake. As reported by Kilic and Rudnick (2000) , we also found a nonlinear relationship between subunit inactivation and inhibition of 5-HT transport. In the case of 5-HT transport by hSERT, assuming random assembly of protomers into multimers, transport activity remained higher than that predicted by the ratio of sensitive-toinsensitive transporters (Fig. 8 A, compare data points with dotted line that models independent transport by protomers). On the other hand, for DA transport, our results fit better with a model where protomers behave independently in DA transport and the reduction in DA transport is proportional to the number of MTS-sensitive protomers in a multimeric transporter (Fig. 8 B, compare data points with dotted line). The Y95F/C109A/I172C mutant had a twofold lower K m for DA than the Y95F/C109A, which is the basis for the increased DA uptake in the control (Fig. 8 B) .
As an alternative approach that does not entail MTS modification, we used the hSERT D98G mutant, previously shown to be expressed at the membrane surface at levels equivalent to the hSERT WT but inactive at 5-HT transport (Barker et al., 1999) . We first demonstrated that hSERT D98G displays no DA uptake activity, and then we constructed the transport-inactive Y95F/ D98G mutant and cotransfected it with hSERT Y95F in different ratios in COS-7 cells and assayed for 5-HT and DA transport. Our results from this experiment (Fig. 8C,D) are similar to the results obtained with the MTSEA-sensitive mutant and also suggest that DA is transported in hSERT protomers that function independently, whereas 5-HT transport depends on cooperative interactions between subunits. 
Discussion
Studies have shown that DA is a poor inhibitor of 5-HT transport by SERT in rodent brain, as well as by the cloned SERT (Azzaro and Rutledge, 1973; Hoffman et al., 1991; Ramamoorthy et al., 1993; Corey et al., 1994; Barker et al., 1999) . Nevertheless, DA accumulation by a process with the pharmacological sensitivity of SERT has been observed in native brain tissues (Berger and Glowinski, 1978; Kelly et al., 1985) and in hSERT-expressing cell lines (Saldana and Barker, 2004) , although the mechanism underlying these seemingly discrepant results has never been examined.
Conventional alternating access models for ion-coupled cotransport predict that substrate and ion binding events drive changes in transporter conformation, which lead to coordinated closing and opening of external and internal gates and access of substrates to the internal medium. In some carriers, including SERT, binding of additional counter-transported ions reorients the carrier to the outward facing form (Rudnick, 2006) . Although we found that 5-HT and DA have mutually exclusive extracellular binding sites on hSERT, our results do not agree with a simple cotransport model. First, uptake assays for 5-HT and DA show that for DA, the apparent affinity for uptake is significantly higher than its potency for inhibiting 5-HT uptake (K m Ͻ IC 50 ). Second, the two substrates do not show reciprocal competitive inhibition for transport. We found that 5-HT is a noncompetitive inhibitor of DA uptake, whereas DA inhibited 5-HT uptake competitively. The observation that 5-HT inhibits DA transport noncompetitively implies that there is a distinct binding site for the noncompetitive inhibitor that is separate from the primary binding site for DA in hSERT. One explanation for the noncompetitive inhibition of DA transport by 5-HT is that 5-HT has an additional binding site, not accessed by DA, either located on the same protomer or, alternatively, with the two sites interacting allosterically on different protomers.
The structure of LeuT Aa shows substrate and two sodium ions bound in the middle of the transporter molecule near helices proposed to shift and allow alternating access (Yamashita et al., 2005) . Recent work described a secondary binding site in LeuT Aa that, when occupied, triggers the intracellular release of substrate and Na ϩ bound at the primary site (Shi et al., 2008) . We created a mutant (Y95F/ C109A/I179C) disrupting the putative secondary site and found that it transported 5-HT but not DA, even though DA could still inhibit 5-HT transport. These observations suggest that the putative secondary site has a critical function in DA transport. The fact that DA still inhibits 5-HT transport with similar affinity to that observed with WT hSERT, even though DA is not transported in theY95F/ C109A/I179C mutant, suggests that DA inhibits 5-HT transport at the primary binding site. It also suggests that the secondary substrate site observed in LeuT Aa cannot account for the noncompetitive inhibition of DA transport by 5-HT. The disruption of DA transport by a mutation in this secondary site could result from either a direct effect of destroying the secondary binding site or an indirect effect that prevents conformational changes in hSERT required for DA transport.
Tyrosine 95 is part of the predicted primary substrate binding site (Celik et al., 2008) . Our findings that the Y95F mutant has an increased apparent affinity for DA and an increased potency for inhibition of 5-HT transport by DA supports the notion that DA inhibits 5-HT transport at the primary binding site. The requirement for higher Na ϩ and Cl Ϫ concentrations to drive DA transport suggests that a local change in the ion binding sites takes place during the DA transport cycle that does not occur during 5-HT transport. It has been shown that SERT, as well as NET and DAT, is able to bind substrate in the absence of Na ϩ and Cl Ϫ (Humphreys et al., 1994; Sonders et al., 1997; Schwartz et al., 2003) . Moreover, there is no well established order for ion and substrate binding to SERT, and it is possible that DA binds to SERT before Na ϩ and Cl Ϫ . Because the ion binding sites are in close proximity to the substrate binding site, the initial binding of DA could perturb the ion binding sites leading to lower ion affinities.
The observation that all tested inhibitors, except GBR12935, exhibit higher potency for inhibiting DA transport than 5-HT transport implies that there may be conformationally distinct sites for antagonists on a single SERT protein or within a functional oligomeric complex, and these may differentially inhibit DA and 5-HT uptake. It is also possible that antagonists could stabilize several conformations of SERT that have distinct capacity to transport DA and 5-HT. If SERT forms an oligomeric complex in which substrates and antagonists can bind to different protomers, this too could afford an explanation for the different antagonist potencies. Regardless of the exact mechanism, it seems likely that the effects we observe for DA transport with respect to ion and inhibitor sensitivities reflects a distinct conformation required for DA transport. We also explored the idea that the binding sites for 5-HT in separate protomers interact in a cooperative manner and tested whether this interaction was preserved during DA transport. Interestingly, as shown by others (Kilic and Rudnick, 2000) , 5-HT transport in hSERT multimers is less sensitive to biochemical inactivation of individual protomers than would be anticipated if all protomers operate independently. One interpretation of this result is that transport activity in one protomer inhibits simultaneous 5-HT transport in other protomers and that when one protomer is inactivated, the remaining protomers are more active. In contrast, we found that inactivation of protomers directly correlated with attenuation of DA transport. These differences between 5-HT and DA transport could contribute to the differences observed in maximal transport rates of 5-HT and DA. If SERT protomers transport DA independently, but 5-HT is only transported by a multimer, our V max results suggest that the 5-HT-carrying protomer may inhibit transport by the other protomers in a multimeric complex. We also hypothesize that the kinetic differences in substrate inhibition reflect allosteric interactions between subunits that influence steps in the transport cycle other than initial extracellular substrate binding events. Figure 9 depicts models of DA and 5-HT transport by hSERT. We propose that the transformation of the inward-facing ionand substrate-bound transporter to the empty outward-facing transporter is faster after hSERT has transported DA than 5-HT. As demonstrated by MTSET inactivation of the Q322C mutant transporter, this leads to a greater proportion of hSERT facing outward during DA transport than during 5-HT transport. Additionally, in our model, hSERT in an inward-facing conformation has a low affinity for DA and ions. This feature of the hSERT fits well with the observation that cells preloaded with [ 3 H]DA display no appreciable efflux after extracellular application of either 5-HT or DA. Our kinetic studies also clearly show that in parallel assays, the V max (and thus the turnover number) of hSERT is fourfold higher for DA than for 5-HT. If the ratelimiting step of transport for hSERT is carrier reorientation, as proposed for many transporters [e.g., DAT (Erreger et al., 2008) ], these data would be consistent with a faster reorientation after DA import. We hypothesize that hSERT may reorient with different velocities after 5-HT and DA import because it does so from distinct conformations, perhaps related to differences in the mechanism of substrate and ion dissociation or the potassium dependence of reorientation. This idea is also consistent with results from the transporter complementation experiments that impute a role for hSERT multimers only in 5-HT transport. The higher potency of individual pharmacological inhibitors in blocking DA versus 5-HT transport by hSERT is also best explained if different conformations of hSERT carry the two substrates.
We also confirmed that SERT can take up DA in vivo in the CA3 region of the hippocampus of anesthetized rats, but how significant a role SERT plays in DA clearance will vary between brain regions and physiological states. Regions with low DAT expression that receive dual innervation with DA-and 5-HTcontaining fibers in close apposition may be most relevant, particularly when SERTs are close to DA release sites where DA concentrations are higher. A number of brain areas that express SERT (Sur et al., 1996) and receive DA projections are known to express comparatively little DAT, such as the prelimbic medial prefrontal cortex (Ciliax et al., 1995; Sesack et al., 1998) , the nucleus accumbens shell (Van Bockstaele and Pickel, 1993; Nirenberg et al., 1997), and the basolateral amygdala (Revay et al., 1996) , all regions implicated in a diverse range of motivated behaviors (Kalivas et al., 1999) . In these locations, the relative absence of DATs may facilitate DA diffusion to distant receptors and supports a role for noncognate transporters such as SERT and NET in regulating paracrine or "volume" neurotransmission (Sesack et al., 1998; Zoli et al., 1999) . Therapy with antidepressants that inhibit SERT may increase DA locally in these areas. Our findings suggest that SERT could play an enhanced role in clearing DA in DAT knock-out mice and provide mechanistic insights as to why DAT/SERT double knock-outs were needed to abolish cocaine reward (Sora et al., 2001 ).
